We report the first observation of a topological surface state on the (111) surface of the ternary chalcogenide TlBiSe 2 by angle-resolved photoemission spectroscopy. By tuning the synchrotron radiation energy we reveal that it features an almost ideal Dirac cone with the Dirac point well isolated from bulk continuum states. This suggests that TlBiSe 2 is a promising material for realizing quantum topological transport. DOI: 10.1103/PhysRevLett.105.146801 PACS numbers: 73.20.Àr, 79.60.Ài Three-dimensional topological insulators, which harbor massless helical Dirac fermions in a bulk energy gap [1] [2] [3] [4] , provide fertile ground to realize new phenomena in condensed matter physics, such as a magnetic monopole arising from the topological magnetoelectric effect and Majorana fermions hosted by hybrids with superconductors [5, 6] . All of them can hardly be achieved with trivial 2D electron gas of the semiconductor heterostructures or graphene. The topological insulator phase has been predicted to exist in a number of materials, such as Bi 1Àx Sb x , Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 [4]. The experimental realization of the 1st and 2nd generation of the 3D topological insulators has opened a way for applications of the quantum matter [7] [8] [9] [10] [11] [12] .
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We report the first observation of a topological surface state on the (111) surface of the ternary chalcogenide TlBiSe 2 by angle-resolved photoemission spectroscopy. By tuning the synchrotron radiation energy we reveal that it features an almost ideal Dirac cone with the Dirac point well isolated from bulk continuum states. This suggests that TlBiSe 2 is a promising material for realizing quantum topological transport. DOI Three-dimensional topological insulators, which harbor massless helical Dirac fermions in a bulk energy gap [1] [2] [3] [4] , provide fertile ground to realize new phenomena in condensed matter physics, such as a magnetic monopole arising from the topological magnetoelectric effect and Majorana fermions hosted by hybrids with superconductors [5, 6] . All of them can hardly be achieved with trivial 2D electron gas of the semiconductor heterostructures or graphene. The topological insulator phase has been predicted to exist in a number of materials, such as Bi 1Àx Sb x , Bi 2 Se 3 , Bi 2 Te 3 , and Sb 2 Te 3 [4] . The experimental realization of the 1st and 2nd generation of the 3D topological insulators has opened a way for applications of the quantum matter [7] [8] [9] [10] [11] [12] .
In particular, Bi 2 Se 3 has been regarded as the most promising candidate because of its single and less-warping Dirac cone than in Bi 2 Te 3 . However, recent magnetotransport measurements showed that the bulk conductance dominates even in low carrier samples [13] [14] [15] , which raises the question of possible scattering channels responsible for the reduced surface mobility. Band-structure calculations [9, 16] predict that the Dirac point (DP) of the surface state in Bi 2 Se 3 is close to the bulk valence band (BVB) maximum. As a consequence, the electron scattering channel from surface states to bulk continuum states opens, and the topological transport regime collapses. Thus, it is important to extend the search for 3D topological insulators with an ideal and isolated helical Dirac cone to a wider range of materials. Recent first principles studies suggested a variety of candidates with nontrivial electronic states ranging from oxide materials, in which the electron correlation plays a role in addition to the spin-orbit coupling [17] , to Heusler-type alloys with an uniaxial strain [18, 19] .
Recently, thallium-based ternary compounds have been proposed as a new family of 3D topological insulators [20] [21] [22] . In contrast to the layered binary chalcogenides, with their inert surface due to the weak bonding between the layers, in the ternary compounds the broken bonds may give rise to trivial surface states. The theoretical studies [21, 22] have indeed revealed the presence of such surface states in addition to the topological ones. This calls for an angle-resolved photoemission spectroscopy (ARPES) experiment with broadly tunable photon energy, which allows us to unambiguously separate out two-dimensional electron states in this new class of ternary compounds.
The purpose of this study is twofold. The first one is to prove the existence of the Dirac surface state on the TlBiSe 2 ð111Þ surface by ARPES using tunable synchrotron radiation. The second one is to determine the energy and k-space location of bulk continuum states with respect to the Dirac cone. Because of the strongly 3D character of the ternary compounds, a tunable photon energy is indispensable to map the 3D bulk band structure. In this Letter, we unambiguously show the presence of a single massless Dirac cone formed by the surface state in TlBiSe 2 . We have further revealed that TlBiSe 2 features an ideal Dirac cone, which is well isolated from bulk continuum states. This suggests that the TlBiSe 2 is a promising material with topological transport properties.
Tl-based III-V-VI 2 ternary compounds form rhombohedral crystal structure with the space group D 5 3d as shown in Fig. 1(a) . This is similar to the well-known 3D topological insulator Bi 2 Se 3 , where five atomic layers form a quintuple layer Se-Bi-Se 0 -Bi-Se, and the coupling between two quintuple layers is of the van der Waals type. On the contrary, Tl-based materials have a 3D character because each Tl (Bi) layer is sandwiched by two Se layers with strong coupling between neighboring atomic layers. M are the time-reversal invariant wave vectors or the surface Kramers points. The single crystalline samples of TlBiSe 2 were grown by a standard procedure using Bridgman method [23] . ARPES experiment was performed with synchrotron radiation in the photon energy range of 22-98 eV at the linear undulator beam line (BL1) of Hiroshima Synchrotron Radiation Center (HSRC). The photoemission spectra were acquired with a hemispherical photoelectron analyzer (VG-SCIENTA R4000) at 10 K, using linearly polarized light with the electric field vector parallel (p polarization) and perpendicular (s polarization) to the plane spanned by surface normal and photoelectron propagation vector. The overall energy and angular resolutions were set at 20 meV and AE0:1 , respectively, which enables us to trace very steep energy dispersions. The samples were in situ cleaved under the ultrahigh vacuum below 1 Â 10 À8 Pa. Figure 1(c) shows the k z values versus k k at several photon energies from 58 to 98 eVobtained with the formula k z ¼ ð1=@Þ
, where E K and V 0 are the photoelectron kinetic energy and inner potential. 
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146801-2 which confirms its two-dimensional nature. The surface state bands cross E F and intersect at the binding energy E B ¼ 390 meV, corresponding to the DP. The BVB energetically overlaps with the surface state below the DP and its maximum is located at E B ¼ 540 meV away from the zone center (at k k ¼ 0:3 # A À1 ) as clearly seen for the p polarization [ Fig. 2(a) ]. The BVB is strongly anisotropic: in the " À " K line it lies much deeper than in the " À " M line. Note that the spectral weight of the bulk conduction band (BCB) is suppressed at h ¼ 58 eV. However, the intensity of emission from the BCB strongly enhances at lower photon energies (h ¼ 22-30 eV, not shown), and the surface state signal becomes rather weak. From the spectrum at h ¼ 22 eV we have inferred that the BCB minimum inside the cone is located at E B ¼ 200 meV. The magnitude of the Fermi wave vector is estimated from the intensity maxima of MDCs to be 0:105 # A À1 for both " À " M and " À "
K directions. This indicates that the ideal Dirac cone with an isotropic Fermi surface shape is expected on the TlBiSe 2 ð111Þ surface, in contrast to the heavily warped Dirac cone in Bi 2 Te 3 [10, 24] . When excited with s-polarized light, the contribution of BVB is strongly suppressed with respect to the surface state along " À " K line as shown in Fig. 2(d) , which enables us to evaluate the surface state character more precisely. In Fig. 2(e) we plot the energy versus k k of the intensity maxima for the surface state measured from the DP along " À " K line and compare it with our measurements on Bi 2 Se 3 . The Dirac cone is seen to be not exactly linear on TlBiSe 2 ð111Þ; however, it is much closer to ideally linear in TlBiSe 2 than in Bi 2 Se 3 , especially in the local energy gap window, 150 meV below and 200 meV above the DP. The energy dispersions are slightly warped towards small k k approximately 200 meV above the DP, where the BCB is enclosed inside the cone. The energy dispersion is steeper than in Bi 2 Se 3 : the Fermi velocity is 7:1 Â 10 5 m=s in TlBiSe 2 and 6:6 Â 10 5 m=s in Bi 2 Se 3 . Also the velocity near the DP is larger in TlBiSe 2 (3:9 Â 10 5 m=s) than in Bi 2 Se 3 (2:9 Â 10 5 m=s). The knowledge of the 3D k-space location of the bulk states is important because it determines the probability of the surface-bulk electron scattering. To determine the k z locations we performed a detailed photon energy dependence study in a wide k k range. At h ¼ 84 eV, as illustrated in Fig. 1(c) , the ARPES spectrum mainly reflects the electronic states at the F point, which projects into the " M point of the SBZ. Figure 3(a) shows the ARPES energy dispersions in the wide k k range along " M " À " M . The surface state at the " À points in the 1st ( " À 1st ) and 2nd ( " À 2nd ) SBZs is confirmed to be identical. The intensity peak from the BCB moves downward as the incident photon energy increases from 74 eV and reaches the maximal binding energy at h ¼ 84 eV (F point), as shown in Fig. 3(a) . Also, the emission from the BVB comes from near the " M point at h ¼ 84 eV. In order to more clearly see the band edges at " M, we show in Figs. 3(b)-3(d) MDCs for three binding energies. From these curves we determine the conduction band minimum to be at E B ¼ 240 meV and the valence band maximum at E B ¼ 540 meV. At h ¼ 98 eV, Fig. 3(e) , which corresponds to the emission from the L point, the intensity of the BCB vanishes.
As schematically summarized in Fig. 4(a) , no states other than the Dirac cone near " À reside in this energy gap region (E B ¼ 240-540 meV). In order to see whether the experimentally derived features of the bulk band structure are consistent with theoretical models, we have performed ab initio calculations using the VASP code [25] . The theoretical k k projected bulk band structure calculated with experimental lattice parameters [23] and ideal rhombohedral atomic positions is shown in Fig. 4(b) , and the result for fully optimized geometry in Fig. 4(c) . The geometry optimization was performed within the generalized gradient approximation (GGA) of the density functional formalism. The band structure is seen to be extremely sensitive to small changes in geometry. Especially strong is the effect of the Se atom position: the optimization of this parameter leads to dramatic changes in the gap region over the whole SBZ; in particular, it widens the indirect gap in the " À " M line between k k % 0:3 # A À1 and " M point and brings it close to the experimental value. At the same time, the relative locations of the BCB minima at " À and at " M depend on the unit cell volume (which is known to be slightly overestimated in GGA). With the fully optimized lattice the BCB minimum is at " À (slightly below the minimum at " M), whereas with the experimental lattice parameters and fixed optimized fractional coordinates of the atoms the minimum is at " M. Thus, exact knowledge of atomic positions is absolutely necessary to reproduce the experimentally observed bulk features.
We have also performed calculations of surface electronic structure in slab geometry with relaxation of outermost atomic layers for Se, Tl, and Bi terminations of the surface (35-41 atomic layers). On all the surfaces we observe both the Dirac cone and the localized trivial surface states in the gap similar to those shown in Ref. [22] for TlSbTe 2 . They have different character and different dispersion depending on the termination, and in all cases these states are well separated from bulk bands. Our experiment, however, unambiguously rules out the presence of such states on the studied surface. The reason for that remains an open question.
In summary, our ARPES experiment of TlBiSe 2 has revealed three important aspects: First, the surface state Dirac cone is confirmed to be present at the " À point. Second, the Dirac cone is practically ideal, especially near the DP, and its velocity is larger than for Bi 2 Se 3 . Finally, according to both experiment and theory, there are no bulk continuum states that energetically overlap with the DP. This means that the scattering channel from the topological surface state to the bulk continuum is suppressed. Our experimental results favor the realization of the topological spin-polarized transport with high mobility and long spin lifetime in TlBiSe 2 .
An important issue remains the apparent absence of the trivial surface states predicted by the theory: to resolve the contradiction a detailed study of the morphology and composition of the surfaces of the Tl-based ternary compounds is necessary.
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